The effect of pretreating cell suspensions of embryonic rat ventral mesencephala (VM) with antioxidant combinations on the survival of dopaminergic (DA) neurons was studied in vitro and following transplantation into the unilateral 6-hydroxydopamine (6-OHDA)-lesioned rat model of Parkinson's disease. The in vitro experiments examined the effects of two thiol antioxidants, N-acetyl-L-cysteine (NAC) and reduced glutathione (GSH), and a member of the lazaroid family of 21-aminosteroids, U-83836E, singly and in combination, on survival of DA neurons derived from dissociated E14 rat VM tissue. For in vivo studies, cell suspensions were pretreated with combinations of NAC, GSH, and U-83836E prior to transplanting into 6-OHDA-lesioned rats to investigate whether DA neuron survival could be further improved. NAC, GSH, and U-83836E individually increased DA neuron survival in vitro and a combination of all three resulted in the greatest survival. In vivo, pretreatment with U-83836E alone resulted in a significantly greater reduction in amphetamine-induced rotation 6 weeks postgrafting compared with a control group receiving nontreated graft tissue. This functional effect correlated with a significant improvement in DA neuron survival 6 weeks postgrafting. The thiol combination pretreatment of NAC and GSH, and the triple combination of NAC, GSH, and U-83836E, however, failed to improve both functional recovery and DA neuron survival when compared with the nontreated control grafts.
INTRODUCTION
ethical considerations. Therefore, it is important that the number of DA neurons that survive following grafting be improved far beyond the current levels of 1-20% in Transplantation of embryonic dopaminergic (DA) neurons to replace those lost from the basal ganglia of order to decrease the amount of tissue required to induce a clinical/therapeutic effect. Recently, Freed et al. (19) Parkinson's disease (PD) patients has undergone clinical trials worldwide since 1987 (23, 38) . A consistent prob-reported adverse effects in 15% of grafted PD patients, who exhibited disabling dyskinesias. The underlying lem with this approach has been the low survival of grafted embryonic DA neurons, in both PD patients re-cause of these dyskinesias is not clear, but there is no evidence that it is due to an excess of DA produced by ceiving transplants of human embryonic DA neurons and in animal models of PD (10, 20) . Functional recov-the grafts (9) and therefore it is still valid to try to enhance the survival of grafted DA neurons in patients. ery induced by the grafts in animal models is correlated to the number of surviving DA neurons in the grafts (8).
The majority of cell death is thought to occur during the immediate postgrafting period (15, 17, 32, 51, 52, 56) , A similar relationship between survival and functional recovery exists in human transplant patients (23,34,44, and possibly also during the procedure of transplant preparation (5, 18, 50) . Peaks of apoptotic cell death have 54)]. Thus far, it seems necessary to graft tissue from 4-8 donor human embryos to each side of the brain of been observed in cultures of ventral mesencephala (VM) at 4, 16, and 24 h postplating (5). As there is little apo-each PD patient in order to achieve marked functional benefits (23) . The relatively large number of embryos ptosis of mesencephalic DA neurons occurring naturally at this stage in development (40), the observed apoptosis required for every operation raises practical as well as 654 LOVE ET AL. may, therefore, be a result of tissue preparation (5, 16) .
sected in HBSS at RT and explants were stored in sterile 7 ml Bijou bottles containing 1 ml HBSS with 0.05% Dissection and dissociation of embryonic neural tissue may cause ischemic and traumatic damage with the pos-deoxyribonuclease II (DNase, Sigma D8764) on ice. Pooled explants were incubated in 1 ml trypsin [0.1% sible production of free radicals (10) . Traumatic brain injury caused by the grafting surgery may result in fur-trypsin (Sigma T4424)/0.05% DNase in HBSS] for 20 min at 37°C. After incubation, the excess trypsin was ther cell death (32, 51) .
The lazaroid family of 21-aminosteroids are inhibi-removed and the explants were rinsed briefly with 0.5 ml 0.1% soyabean trypsin inhibitor (Sigma T6522) in tors of lipid peroxidation with additional antioxidant properties (7, 24) . Previous studies have shown that pre-HBSS/DNase at 37°C, prior to rinsing twice in HBSS/ DNase. Explants were dissociated by gentle trituration treatment of embryonic VM cell suspensions with lazaroids improves DA neuron survival both in vitro (21, 41) in HBSS/DNase (50 µl per explant) using 1000 µl and 100 µl Eppendorf pipette tips (25 strokes with each tip). and following transplantation into 6-OHDA-rats (4,22, 25, 31, 36, 42) . One of these lazaroid compounds, tirilizad Viability was estimated using the trypan blue exclusion method, and cell density was calculated. Cells were mesylate, has been used in clinical trials for spinal injury, stroke, and subarachnoid hemorrhage (33) . It has plated at a density of 2500 mm −2 into 0.5 ml of culture medium, warmed to 37°C, in 24-well plates (2 cm 2 /well; also been used to pretreat human embryonic tissue prior to grafting in PD patients in order to improve graft sur-Greiner Labortechnik Ltd.) previously coated with 100 µg/ml poly-D-lysine (Sigma P7280) followed by 10 µg/ vival (11) . Other antioxidants have also been shown to improve survival in vitro of embryonic DA neurons, as ml fibronectin (Sigma F1141). well as other neuronal types (35). It has previously been Medium and Incubation Conditions reported that the addition of the thiol antioxidant N-Cells were grown in DMEM containing 0.1% glucose acetyl-L-cysteine (NAC) to the culture medium results and 2 mM L-glutamine (Sigma D5523), supplemented in a significant increase in the numbers of DA neurons with 20 mM NaHCO 3 (Sigma), 10% fetal bovine serum surviving in primary cultures of E14 rat VM after 4 days (Sigma F3018), and 0.1 mg/ml gentamicin (Sigma). Culin vitro (14) . The inclusion of reduced glutathione tures were maintained for 5 days at 37°C in a humidified (GSH) in cell culture media protects PC12 cells from 5% CO 2 /95% air environment. The medium was replen-DA-induced apoptosis (37). These thiol-containing antiished after 48 h by removing 350 µl from each well and oxidants act by scavenging the highly reactive hydroxyl adding 350 µl of fresh medium, warmed to 37°C. radical and hydrogen peroxide (13, 39, 43) .
In this study, we first examined the effect of the thiol Antioxidant Pretreatment antioxidants NAC and GSH, and the lazaroid U-83836E, NAC and GSH (Sigma) were included individually on the survival of DA neurons in vitro. The optimum in solutions used to process embryonic tissue from VM concentrations of these compounds were then used to explant collection, through enzymatic treatment to dispretreat VM tissue prior to grafting into a rat model of sociation. The purpose of these experiments was to es-PD. Graft function was assayed after 2 and 6 weeks by tablish the effect of pretreatment only; therefore, comamphetamine-induced motor asymmetry testing and the pounds were not included in the medium postplating. A numbers of surviving DA neurons were quantified after dose-response curve was constructed for each of these 6 weeks.
compounds. NAC was tested at concentrations of 100, MATERIALS AND METHODS 500, and 750 µM and 2, 10, and 20 mM and GSH was Preparation of Primary Dissociated Cultures tested at concentrations of 20, 40, 60, and 80 µM.
From E14 VM
To investigate the combined effects of these antioxidant compounds, VM explants were pretreated with Time-mated Wistar or Sprague-Dawley rats (E14, combinations of NAC and GSH, at the optimum concen-E0 = plug, Harlan UK Ltd.) were sedated with an inhalatrations as determined by the dose-response studies, as tion anesthetic (Isoflurane, Mallinckrodt Veterinary Ltd.), well as U-83836E at 0.3 µM, the optimum concentration prior to being killed by cervical dislocation. Following determined from previous work (21) . abdominal laparotomy, the uterine horns were removed
The cultures were fixed with 3% paraformaldehyde and collected in sterile Dulbecco's phosphate-buffered for 30 min and processed for tyrosine hydroxylase (TH) saline (Sigma D8537). Embryos were removed under immunocytochemistry as described below. aseptic conditions, collected in Hanks' balanced salt solution (HBSS, w/o Ca 2+ and Mg 2+ , Sigma H6648) at
Wistar Versus Sprague-Dawley room temperature (RT) and crown-rump lengths measured to verify age. The VM containing the developing In order to ascertain whether there was any strain difference in response to antioxidant treatment, explants of substantia nigra and ventral tegmental area were dis-
Wistar and Sprague-Dawley VM (Harlan Olac, UK)
Cell suspensions for transplantation were prepared as described previously (31). Briefly, pregnant rats, were treated with NAC and GSH prior to plating. Cultures were grown for 5 days, then fixed with 3% para-time-mated at E14, were terminally anesthetized with Equithesin (6 ml/kg, IP) prior to embryo removal. The formaldehyde for 30 min and processed for TH immunocytochemistry.
VM were dissected and partially dissociated cell suspensions prepared. Each VM was dissociated in a final vol-Immunocytochemical Visualization ume equivalent to 6 µl buffer. Four suspensions were of Tyrosine Hydroxylase prepared: 1) control, nontreated suspension; 2) 750 µM Fixed cultures were rinsed three times with PBS and NAC + 40 µM GSH (thiol combination); 3) 750 µM the cells were then permeabilized using 0.5% Triton X-NAC, 40 µM GSH, + 0.3 µM U-83836E (multicombina-100 in PBS for 30 min. Endogenous peroxidase activity tion); 4) 0.3 µM U-83836E. was quenched using PBS containing 3% H 2 O 2 and 10%
As for in vitro studies, the antioxidants were included methanol for 10 min. Background staining was reduced in the solutions used to process embryonic ventral VM by blocking nonspecific binding sites with 10% heattissue from collection of explants, through enzymatic inactivated normal goat serum (in 0.1% Triton X-100 in treatment to dissociation. The concentration of U-83836E PBS) for 1 h at RT. Cells were then incubated with the (0.3 µM) was the same as that used in previous studies primary antibody (polyclonal rabbit anti-TH, Affiniti (22,31,36). The optimum concentrations of NAC and GSH Ltd., diluted 1:1500 using 0.1% Triton X-100 in PBS) used were determined from the in vitro dose-response exfor 48 h at 4°C. After rinsing with PBS, cultures were periments described above. The methods used to prepare incubated in the secondary antibody (biotinylated goat cell suspensions for the in vitro and in vivo studies were anti-rabbit IgG, 1:200 in PBS, Vector Laboratories) for identical. Also, the time taken to prepare the cell suspen-1 h at RT. The cells were then rinsed with PBS and an sion was the same for the in vivo and in vitro experiavidin-biotin-horseradish peroxidase complex (Vectaments, thus ensuring that the exposure times to the antistain ABC reagent) applied for 1 h at RT. TH-immunooxidants were the same. reactive neurons (TH+ve) were visualized following in-Stereotactic Implantation cubation with 0.05% 3,3′-diaminobenzidine (DAB) in Tris-HCl-buffered saline (TBS) containing 0.01% H 2 O 2 Cell suspensions were stereotactically injected into for 10 min.
two sites in the lesioned striatum [tooth bar = 0: AP +0.7, L −2.2, DV −4.5 (medial site) and AP +0.7, L Cell Counts In Vitro and Statistical Analysis −3.3, V −4.5 (lateral site), measurements in mm from After 5 days in vitro, TH+ve neurons surviving were bregma and dura, respectively]. Seven rats were grafted counted in fields of 0.765 mm 2 , selected blind, using an for each pretreatment regime. Amphetamine-induced ro-IBAS image analysis system running Kontron KS 400 tational asymmetry was reassessed 2 and 6 weeks postsoftware. Twenty fields were analyzed per treatment (10 grafting. fields per well) and each experiment was performed After the final rotation test at 6 weeks, rats were three times. Cell counts were converted from numbers deeply anesthetized with chloral hydrate (0.6 g/kg) and of TH+ve neurons per field to numbers per square millitranscardially perfused with 4% paraformaldehyde. meter and analyzed using a one-factor ANOVA with Brains were maintained in paraformaldehyde overnight, Fisher's post hoc test. transferred to 20% sucrose, and frozen in Tissue-Tek (Sakura Finetek Europe B.V.) at −20°C. Coronal sec-
6-OHDA Lesions and Cell Suspension Preparation
tions were cut at 40-µm thickness through the grafted for Transplantation region of the striatum and every third section was processed for TH immunohistochemistry as described pre-Adult female Sprague-Dawley rats, weighing 220 g at the start of the experiment, were anesthetized with viously (46) . Slides were blind-coded and numbers of TH+ve perikarya were counted in medial and lateral Equithesin (3.8 ml/kg, IP). Two stereotactic injections of 6-OHDA (3 mg of free base per ml of 0.02% ascor-grafts sites. For each rat, 25 TH+ve neurons were selected at random from both medial and lateral graft sites bate saline) were placed into the right ascending medial forebrain bundle as described previously (30). After a and cell diameters measured using an Kontron image analysis system running KS 400 software. minimum recovery period of 10 days, lesioned rats were challenged with D-amphetamine (2.5 mg/kg, IP) and
Rotational data were analyzed using a repeated measures ANOVA, with time as the repeated measurement, their rotational behavior was assessed using an automated rotometer system. Rats exhibiting more than 5 and with Fisher's post hoc test. Total numbers of TH+ve neurons per graft were calculated using Abercrombie's ipsilateral turns per minute over a 90-min test period were selected for transplantation.
formula (1) from values obtained from counted sec-tions. There was no significant difference in numbers of TH+ve neurons surviving in medial grafts compared with lateral graft sites (paired Student's t-test); therefore, for all statistical analyses, data from medial and lateral sites were combined and analyzed using a one-factor ANOVA.
RESULTS

Effect of Antioxidant Pretreatment on Survival of Embryonic DA Neurons In Vitro
The effect of pretreatment with NAC on the survival of TH+ve neurons after 5 days in VM cultures derived from Wistar embryos is shown in Figure 1 . NAC significantly increased the numbers of surviving TH+ve neurons, F(4, 15) = 54.852, p < 0.0001. Fisher's post hoc test revealed significant improvements in survival at 500 µM (p < 0.0051) and 750 µM (p < 0.0001), with no significant difference from the control at 2 mM. The largest increase in survival was seen following pretreatment clusion assay. The cell suspensions pretreated with the higher NAC concentrations were not plated out because of the extremely low viability. Interestingly, the explants The effect on the survival of TH+ve neurons of pretreatment with GSH in VM cultures derived from Wistar pretreated with the higher concentrations of NAC were very difficult to dissociate mechanically, even following embryos can be seen in Figure 2 . All concentrations of GSH tested resulted in significantly increased DA neu-trypsin incubation.
ron survival compared with the control cultures, F(4, 15) = 43.623, p < 0.0001. The largest increase in survival was seen following pretreatment with 40 µM GSH, which resulted in a twofold increase in surviving TH+ve neurons compared with control values.
Effect of Combined Antioxidant Pretreatment on Survival of Embryonic DA Neurons In Vitro
The effect of pretreatment of cell suspensions with NAC, GSH, and U-83836E singly and in combination, on the survival of embryonic DA neurons in VM cultures derived from Wistar embryos is shown in Figure 3 . Pretreatment with any of the antioxidants at the optimal concentrations significantly increased the number of TH+ve neurons surviving after 5 days, F(7, 24) = 45.171, p < 0.0001. Pretreatment with the triple combination of NAC, GSH, and U-83836E resulted in the greatest increase in survival compared with the control group ( p < 0.0001). no significant difference between the Wistar-and Sprague-Dawley-derived cultures in the number of TH+ve neurons surviving after 5 days in vitro in either the control group or the antioxidant-pretreated groups, F(1, 36) = 0.349, p = 0.5582.
Effect of Strain on Survival of Embryonic DA Neurons In Vitro
Effect of Combined Antioxidant Pretreatment on Reduction in Amphetamine-Induced Rotational Asymmetry and DA Neuron Survival In Vivo
Rotation data are presented graphically as number of rotations per minute, with positive values indicating net ipsilateral turning towards the grafted side (Fig. 5 ). Statistical analysis revealed a significant effect on rotational asymmetry of graft pretreatment, F(3, 72) = 4.439, p = 0.0045, as well as graft survival time, F(2, 72) = 32.584, p < 0.0001. All pretreatment groups showed a signifi- rotational asymmetry between the group receiving non- Figure 5 . Effect of antioxidant pretreatment on rotational asymmetry following intrastriatal transplantation. Each bar represents data obtained from seven animals. Functional recovery was significantly improved compared with control values in the U-83836E pretreatment group but not in either the thiol combination or multicombination pretreatment groups. treated control tissue and the group grafted with U-83836E-treated tissue ( p = 0.026). Although the thiol combination pretreatment and multicombination pretreatment groups showed a significant reduction in rotation score at the 6-week postgrafting time point compared with pretransplantation values, this recovery was not a significant improvement above that of the control group.
Statistical analysis of immunohistochemical data revealed a significant increase in survival of rat embryonic DA neurons (Figs. 6 and 7) after 6 weeks in vivo following pretreatment with U-83836E, F(3, 24) = 3.499, p = 0.0064, in comparison with nontreated control grafts. However, both the thiol combination and the multicombination pretreatments failed to significantly improve the survival of TH+ve neurons above control values at this 6-week time point ( p = 0.681 and p = 0.211, respectively). There was no significant difference in the cell diameter of DA neurons between any of the treated groups and the control group, F(3, 24) = 0.951, p = 0.432 (data not shown).
As has been demonstrated previously in functional The survival of embryonic dopaminergic neurons in by over twofold compared with the control cultures. These results are in agreement with a previous study in this study was low compared with previously published data (10) . Based on the assumption that the rat VM con-which NAC was included postplating in cultures of rat embryonic VM (14) . In the study by Colton and cowork-tains approximately 35,000 DA neurons (3), the survival of DA neurons in the control group was approximately ers, addition of 600 µM NAC to the medium at the beginning of the cell culture period resulted in a 75% in-1.4%. Pretreatment with the lazaroid U-83836E resulted in a fivefold increase in DA neuron survival to 7.2%.
crease over control levels in DA neurons survival after 4 days. The twofold increase in DA neuron survival DISCUSSION found in the present study is substantially greater than that found by Colton et al., where a slightly lower con-Oxidative stress during tissue dissection and preparation may induce cell death in DA neurons during the centration of NAC (600 µM compared to 750 µM) was used but cells were exposed for a much longer period. first few days postgrafting (10) . The aim of this study, therefore, was to pretreat VM tissue with combinations This suggests that pretreatment may be more effective and indicates that DA neurons may be more susceptible of thiol antioxidants and a lazaroid, U-83836E, to determine the optimum combinations and concentrations for to oxidative damage, or may be exposed to more oxidative stress during preparation than during the actual cul-improved survival assessed in vitro and, subsequently, to compare their effects in vivo. Many studies have in-ture period (5,16). The neuroprotective effect of NAC, observed in vitro, vestigated the effects of antioxidant protection on survival of various neuronal types in vitro by including the may be the result of increasing intracellular GSH levels, either by the conversion of NAC to GSH precursor cys-antioxidant compounds in the culture medium (14, 35, 37) . This has provided useful information about the fac-teine (12) or by the reduction of extracellular cystine to cysteine, which is more easily transported into cells tors that mediate survival and death of DA neurons in vitro, but in terms of grafting, this approach may not be (28). Thiol antioxidants such as NAC can act directly as nucleophiles by scavenging hydroxyl radicals and hy-practical. However, the results presented here illustrate that an antioxidant pretreatment paradigm can signifi-drogen peroxide (2). Interestingly, NAC has been shown to suppress DNA synthesis in PC12 cells in vitro, which cantly improve the survival of rat embryonic DA neurons in vitro.
may also contribute to its antiapoptotic effects by a proposed mechanism involving cell cycle regulation (2). Although no direct biochemical measurements of oxidative damage were made in this study, the thiol anti-Pretreatment with GSH resulted in a significant improvement in DA neuron survival in vitro. A dose-oxidant NAC produced a dose-dependent increase in survival of DA neurons with a peak effect at 750 µM.
response study revealed the optimal pretreatment concentration of GSH to be 40 µM with TH+ve neuron At this concentration, DA neuron survival was increased survival increased approximately twofold. GSH is a tri- (50) have been shown to be effective in improving DA neurons survival in vitro; when tested in vivo, neither peptide consisting of glutamic acid, cysteine, and glycine, which maintains a reducing environment in the strategy improved DA neuron survival or functional recovery (49) . Similarly, members of the neurotrophin cell, thus protecting cellular components from oxidative stress (43) . In removing free radicals, glutathione perox-family [e.g., brain-derived neurotrophic factor (BDNF) and neurotrophin-4/5 (NT4/5)] have been shown to pro-idase (GPx) oxidizes GSH to oxidized glutathione (GSSG). The inclusion of GSH, as with NAC, in culture mote the survival of DA neurons in vitro (27, 53) . In nigral transplants, however, none of the neurotrophin medium has previously been shown to protect PC12 cells from DA-induced apoptosis (37). The enzyme re-family members tested [i.e., nerve growth factor (47, 57) , BDNF (47, 55) , neurotrophin-3, and NT4/5 (26)] have sponsible for the oxidation of GSH, GPx, has also been shown to improve DA neuron survival when added to been found to significantly enhance the survival of implanted mesencephalic DA neurons. Therefore, care the cell culture medium (14) .
The in vivo studies, in agreement with previous should be taken when extrapolating in vitro results to an in vivo animal model and particularly to a clinical reports (22,31,36), showed that pretreatment with the lazaroid U-83836E increased survival by approximately situation. fivefold in comparison to animals receiving control non-ACKNOWLEDGMENTS: We gratefully acknowledge technitreated grafts, which is higher than that previously re- within the core of the cell membrane, causing decreased fluidity of the phospholipid bilayer, thus stabilizing the REFERENCES membrane and preventing movement of radicals (6,29).
